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Figure	captions	1	
	2	
Figure	1.	(left)	Location	of	the	Svalbard	archipelago	with	the	study	region	shown	as	a	rectangle	(enlarged	on	3	
right)	on	the	main	island,	Spitsbergen.	In	the	right	diagram	rock	outcrops	(nunataks,	grey)	are	surrounded	by	ice	4	
and	snow	(white).	Abbreviations	DRA	(Dracoisen),	DIT	(Ditlovtoppen),	AND	(Andromedafjellet),	REIN	(informal	5	
name,	Reinsryggen),	BACN	(Backlundtoppen-Kvitfjella	ridge	where	a	section	of	upper	E3	and	E4	is	exposed),	6	
BACS	(South	Backlundtoppen,	where	a	section	of	E2	and	basal	E3	is	exposed).		7	
	8	
Figure	2.	Stratigraphic	profiles	through	Elbobreen	Formation,	E3	(Macdonaldryggen	Member)	and	E4	(Slangen	9	
Member)	at	locations	shown	in	Figure	1.	10	
	11	
Figure	3.	E2-E3	transitional	facies	containing	glacigenic	sediment	from	Ditlovtoppen	(F)	and	south	12	
Backlundtoppen	(all	others).	A.	Thin	section	of	graded	rhythmites,	4	m	below	the	top	of	E2.	B.	Limestone	13	
rhythmites	sharply	overlain	by	an	event	bed	with	sandy	base,	becoming	pebbly	upwards	(1	m	below	top	of	E2).	14	
C.	Polished	hand	specimen	exhibiting	prominent	diamictite	(till)	pellet	(upper	right)	and	ice-rafted	sediment	15	
within	laminites	containing	authigenic	dolomite	(5	cm	above	base	of	E3).	D.	Limestone	laminites	showing	16	
sedimentary	deformation	(same	horizon	as	B.)	E.	Thin	section	of	limestone	rhythmites	(as	B,	D)	showing	17	
microspar	laminae	with	intervening	dolomicritic	laminae	contain	sediment	grains.	Prominent	central	stylolite.	F.	18	
Precipitated	dolomite	laminites	with	dropstones,	5	cm	above	base	of	E3.	G,	H.	Same	sample	as	C.	in	thin	section	19	
under	transmitted	light	(G)	and	cathodoluminescence	(H).	Detritus	is	dolomite	silt	and	sand	with	variable	20	
luminescence	characteristics,	quartz	(black)	and	feldspar	(blue)	silt.	Authigenic	dolomite	is	abundant	in	the	21	
matrix	and	an	early	bright	cement	zone	surrounds	clasts.	22	
		23	
Figure	4.	Limestones	from	South	Backlundtoppen,	1	m	above	the	base	of	E3.	A.	Field	photograph	with	recumbent	24	
soft-sediment	folds	(examples	of	fold	noses	are	arrowed).	B.	Thin	section	displaying	pale	microspar	laminae	and	25	
recumbent	fold	noses	(arrows).	C.	and	D.	transmitted	light	and	cathodoluminescence	respectively.	Microspar	26	
laminae	with	slightly	bulbous	tops	consist	of	mosaics	of	rhombic	calcite	crystals	with	a	consistent	27	
cathodoluminescence	zonation	indicating	simultaneous	replacement	of	a	precursor	phase.		28	
Figure	5.	Dolomitized	basal	E3	facies,	2.2	m	above	base	of	E3,	Reinsryggen.	A.	Thin	section	displaying	pale	29	
dolomicrospar	layers	alternating	with	dolomicrite	with	soft-sediment	folds.	B.	Photomicrograph	in	transmitted	30	
light	showing	brecciation	into	“pseudo-allochems”	that	occurs	in	the	region	of	fold	noses	and	which	creates	pore	31	
spaces	(white)	later	filled	by	cement.	C.	and	D.	paired	transmitted	light	and	cathodoluminescence	32	
photomicrographs	showing	growth	of	replacive	dolomicrospar	crystals	with	consistent	luminescence	zonation.	E.	33	
and	F.	paired	transmitted	light	and	cathodoluminescence	photomicrographs	showing	replacive	dolomicrospar	of	34	
“pseudo-allochems”	passing	into	clear,	non-luminescent	dolomite	cement.		35	
Figure	6.	Oxygen	and	carbonate	isotope	plot	of	E3	and	E4	samples.	36	
Figure	7.	Stratigraphic	variation	in	sediment	chemistry	around	the	E2-E3	transition	and	lower	E3.	Carbon	isotopes	37	
show	a	steady	rise	from	the	base	of	the	formation.	Extreme	variability	is	restricted	to	the	basal	bed.	Reinsryggen	38	
dolomites	have	less	negative	values	than	other	sites	at	the	same	stratigraphic	position.	Insoluble	residue	and	Fe	39	
display	parallel	trends	(mirrored	as	plotted)	with	an	initial	decrease	corresponding	to	purer	carbonates,	followed	40	
later	by	an	increase	to	the	mixed	carbonate-siliciclastic	sediment	characteristic	of	the	bulk	of	E3.		41	
Figure	8.	Rhythmic	sedimentation	in	member	E3.	A.	Dracoisen	section	viewed	from	the	south,	starting	with	42	
beginning	of	exposure	approximately	40	m	above	the	base	of	E3.	Double	yellow	lines	show	direction	of	bedding.	43	
Flat-topped	hill	to	right	is	unconformable	Carboniferous	cover.	B.	Enlargement	of	boxed	area	in	(A)	illustrating	44	
variable	degree	of	expression	of	sedimentary	rhythms.	C.	Two	orange-weathering	dolostone	horizons,	the	upper	45	
one	of	which	wedges	out	to	right	of	the	35	cm	hammer	(ca.	150	m	above	base	of	Ditlovtoppen	section).	D.	Non-46	
resistant	part	of	rhythm	(93.8	m,	Dracoisen);	height	of	view	45	cm.	E.	Resistant	part	of	rhythm	(97.4	m,	47	
Dracoisen);	height	of	view	45	cm.	F.	Distinctly	concretionary	dolostone	horizon	containing	sedimentary	layers	48	
that	thin	by	a	factor	of	two	laterally	into	dolomitic	shale	(42	m;	Dracoisen	section);	ruler	19	cm	long.		49	
28	
	
Figure	9.	Transmitted	light	petrography	of	dolomitic	silt-shales	from	the	main	part	of	E3	in	the	Dracoisen	section.	50	
A-C.	scale	is	in	millimetres.	A.	Sample	with	relatively	high	(60%)	carbonate	content	forming	dolomite-	and	calcite-51	
cemented	concretion	at	42.75	m).	Lamination	is	parallel,	but	micro-nodular	on	sub-millimetre	scale.	B.	Sample	52	
with	50%	carbonate	(dolomite	>>	calcite)	consisting	of	carbonate	domains	with	fine	silt	separated	by	clay-rich	53	
laminae	that	show	complex	deformation	(disturbance	structures)	at	67	m.	C.	Sample	containing	70%	dolomite	54	
and	also	rich	in	quartzo-feldspathic	silt	(187	m)	showing	incipient	cross-lamination	and	very	thin	lenses	of	coarser	55	
silt;	such	silt-rich	sediments	are	only	found	in	the	E3-E4	transition	zone.	D	and	E.	Same	sample	as	in	(A)	56	
illustrating	discontinuous	clay-pyrite	flaser	laminae	separated	by	domains	of	fine	silt	with	carbonate.	F.	Same	57	
sample	as	(B)	illustrating	deformed	laminae.	G.	Sample	with	35-40%	carbonate	(dolomite)	with	much	siliciclastic	58	
silt	and	distinct	deformed	clay-rich	laminae,	106.9	m.	H.	Sample	with	30%	carbonate	as	dolomite	with	abundant	59	
fine-medium	siliciclastic	silt,	173	m.	60	
Figure	10.	Disturbance	structures.	A-C.	Bedding	plane	outcrop	views.	A.	Typical	equant	structures	1-2	cm	across,	61	
Dracoisen	65	m.	B.	Close-up	of	two	structures	with	deformed	laminae	visible	(width	of	photo	3	cm),	62	
Ditlovtoppen,	40	m.	C.	Linear	array	of	structures,	Dracoisen,	65	m.	D-F.	Vertical	cross-sections.	D.	Smoothly	63	
weathered	outcrop	with	disturbance	structure	bounded	above	and	below	by	undisturbed	lamination,	Klofjellet,	64	
exact	stratigraphic	position	unknown.	E.	Weathered	outcrop	showing	several	structures	vertically	offset	from	65	
each	other	(mm	scale	at	lower	left),	Dracoisen,	45	m.	F.	Polished	surface	of	sample	used	for	serial	sections,	66	
Dracoisen,	53	m.	G-J.	Computer	model	from	serial	sectioning	of	sample	shown	in	(F);	lettering	indicates	snapshot	67	
from	movie	in	supplementary	information.	G.	Conical	core	to	structure	seen	in	vertical	section.	H.	As	(G)	rotated	68	
through	90°	and	displaying	double-pointed	termination.	I.	As	(H),	but	also	showing	enclosing	(red)	lamina.	J.	69	
Complete	model	seen	from	reverse	side	with	sheath-like	laminae	in	the	core	and	continuous	overlying	green	70	
lamina	overlain	by	further	deformed	laminae.		71	
Figure	11.	Trains	of	disturbance	structures	from	Klofjellet	(exact	horizon	unknown).	A.	Cut	hand	specimen	72	
displaying	continuous	lamination	interrupted	by	various	structures	including	a	train	climbing	from	1	to	3.	A	pale	73	
lamina	at	2	is	nearly	undisturbed	across	the	train.	B-C.	Model	from	31	serial	sections	(totalling	0.62	mm	depth)	of	74	
the	lower	right	portion	of	the	sample.	B.	View	of	model	from	front	of	slab	showing	tubular	nature	of	structures	75	
(cf.	A).	C.	Transverse	view	of	model	with	front	at	arrowhead	to	right,	illustrating	narrowing	of	structures	into	the	76	
slab	on	left	of	image.	D.	Another	cut	from	same	sample	illustrating	both	disturbance	structures	and	brittle	failure	77	
(e.g.	arrowed).	Examples	of	local	variations	in	lamina	thickness	are	numbered.	Diagonal	lines	are	saw	marks.		78	
Figure	12.	Stratigraphic	variation	within	E3	of	carbonate	stable	isotope	values.	Key	as	in	Fig.	6.		79	
Figure	13.	Stratigraphic	variation	within	E3	of	%	insoluble	residue	(non-carbonate)	and	acid-soluble	Fe,	expressed	80	
as	FeCO3.	Key	as	for	Fig.	6.		81	
Figure	14.	E3	samples	from	Dracoisen	section	view	under	CL	(A-C)	and	by	BSE	(D-F).	A.	Sample	at	48.7	m	with	40-82	
45%	carbonate	(dolomite>>calcite).	Siliciclastic	silt	includes	quartz	(dark),	feldspar	(blue)	and	apatite	(green).	83	
Zonation	is	inconsistent	between	dolomite	crystals,	i.e.	they	did	not	grow	simultaneously.	B.	Sample	at	46.55	m	84	
with	45%	carbonate	(dolomite).	Similar	to	(A)	but	with	more	segregation	of	quartzo-feldspathic	detritus	and	85	
dolomite	into	laminae.	C.	Sample	at	68.55	m	with	50%	carbonate	(subequal	dolomite	and	calcite).	Finer	texture	86	
than	(A)	and	(B)	with	fine-to-medium	quartz	silt	and	heterogenous	zonation	in	carbonate	crystals.	D.	Sample	at	87	
42.75	m	with	60%	carbonate	(subequal	dolomite	and	calcite),	visibly	concretionary	in	the	field	(Fig.	8F).	Dolomite	88	
crystals	tend	to	be	isolated	and	enclosed	by	calcite.	E.	and	F.	Sample	at	177	m	with	30%	carbonate	(dolomite).	89	
Dolomite	forms	subhedral	crystals	with	brighter	(more	Fe-rich)	rims;	calcite	tends	to	show	more	irregular	or	90	
enclosing	shapes;	pyrite	framboids	are	conspicuous.	C	=	calcite,	D	=	dolomite,	F	=	feldspar,	P	=	pyrite,	Q	=	quartz.		91	
Figure	15.	Ion	microprobe	data	(full	data	in	Supplementary	information,	Table	S2)	from	individual	carbonate	92	
crystals	performed	by	downward	ablation	of	carbonate	crystals	to	100	µm	depth	in	5	µm	steps.	Analyses	are	93	
thus	biased	towards	crystal	centres	and	no	information	is	available	about	relative	age	of	zones.	A.	Example	of	94	
sample	F7163	(42.75	m,	Dracoisen)	where	points	joined	with	lines	are	depth	traverses	of	single	crystals.	Overall	95	
there	is	overlap	in	chemistry	of	dolomite	and	calcite	with	orders	of	magnitude	variation	in	abundance,	and	96	
29	
	
tendency	for	variation	in	Fe	or	both	Fe	&	Mn	within	individual	crystals.	B.	comparison	of	means	of	dolomite	and	97	
calcite	crystals	from	ion	microprobe	analysis	with	ICP	data	for	acid-soluble	Fe	and	Mn,	both	expressed	as	wt.%	98	
carbonate.	ICP	means	are	high	in	Fe	due	to	some	leaching	of	Fe	from	silicate	phases.	Samples	are	from	Dracoisen	99	
section	at	the	following	stratigraphic	positions:	109	(48.3	m,	see	also	Figs.	9A,	D,	E,	14D),	F7199	(106.9	m,	see	100	
also	Fig.	9G),	F7182	(68.55	m,	see	also	Fig.	14C),	F7163	(42.75	m),	F7266	(177.0	m,	see	also	Fig.	14E,	F).		101	
Figure	16.	Sedimentary	rhythms	within	member	E3.	A.	Comparison	of	cumulative	thickness	of	individual	cycles	at	102	
the	Dracoisen	and	Ditlovtoppen	localities.	B.	and	C.	Histograms	of	cycle	thickness	at	the	Dracoisen	and	103	
Ditlovtoppen	locations	(numbers	beneath	bins	indicate	upper	end	of	bin	range).		104	
Figure	17.	Geochemistry	of	E3	rhythmic	sediments	from	the	Dracoisen	section.	A.	and	B.	show	results	from	105	
Principal	Components	Analysis	of	XRF	and	ICP	data	respectively.	The	diagrams	display	the	weighting	on	the	first	106	
principal	component	(F1)	on	the	x-axis,	together	with	the	%	of	data	variation,	plotted	against	F2	on	the	y-axis.	In	107	
both	case	Ca	provides	the	best	indicator	of	sample	variation,	mapping	nearly	perfectly	onto	F1.	C.	Variation	of	Ca	108	
in	total	sample	(ICP	analysis)	from	a	detailed	sampling	section	through	seven	field-defined	rhythms	(XRF	data	are	109	
not	plotted,	but	are	very	similar).	The	intensively	sampled	harder	bed	at	around	45.5	m	is	enriched	in	Ca,	but	at	110	
higher	levels	there	is	a	lack	of	clear	relationship	with	rhythms.	D.	Variation	of	Ca	in	total	sample	(ICP	analysis)	111	
from	higher	horizons	in	E3	in	the	Dracoisen	section	At	most	horizons	there	is	a	lack	of	systematic	difference	in	Ca	112	
content	between	the	field-defined	lithologies.		113	
Figure	18.	Phenomena	around	the	E3-E4	transition.	A.	Polished	hand	specimen	illustrating	dolomitic	siltstones	114	
with	distinct	coarser	and	finer	(dark)	laminae	and	common	2-3	mm	vugs	representing	crystal	pseudomorphs.	115	
Scale	bar	in	cm;	9	m	below	top	of	E3,	Dracoisen.	B.	Silty	laminated	dolarenites	with	ripple-laminated	thin	graded	116	
units	and	ptygmatically	folded	sediment-filled	contraction	cracks.	2	m	above	base	of	E4,	Reinsryggen.	C.	117	
Dolomitic	siltstone	with	dark-coloured	elongated	mudclasts	and	abundant	crystal	pseudomorphs,	some	open,	118	
some	filled	by	calcite	with	minor	quartz.	0.5	m	below	the	top	of	E3,	Reinsryggen.	D.	Same	sample	as	(C)	119	
illustrating	diagenetic	quartz	containing	anhydrite	inclusions	(e.g.	arrowed).	E.	Fine-grained	dolarenites	120	
containing	nodular	vuggy	pseudomorphs	now	composed	of	quartz	(white)	or	ferroan	dolomite	(orange).	Scale	121	
bar	in	cm,	base	of	E4,	Ditlovtoppen.	F.	Same	sample	as	(E)	illustrating	anhydrite	inclusions	(e.g.	arrowed)	in	122	
diagenetic	quartz.		123	
Figure	19.	Strontium	isotope	data	from	E3	limestones	in	Backlundtoppen	sections.	A.	87Sr/86Sr	versus	Sr.	B.	124	
87Sr/86Sr	versus	Mn/Sr.		125	
Supplementary	data	126	
Supplementary	data	Table	S1.	Stable	isotope,	Sr	isotope,	ICP	and	magnetic	susceptibility	data	127	
Supplementary	data	Table	S2.	Ion	microprobe	data	128	
Supplementary	data	Table	S3.	X-ray	fluorescence	data	129	
Supplementary	data	Table	S4.	Zircon	data	from	NIGL.	130	
Supplementary	data	Table	S5.	Zircon	data	from	Adelaide	laboratory.	131	
Supplementary	Video	1:	“3	loops.avi”	from	three-dimensional	computer	model	derived	from	sample	illustrated	132	
in	Figure	11.	133	
Supplementary	Video	2:	“core.avi”	from	three-dimensional	computer	model	derived	from	sample	illustrated	in	134	
Figure	11.	135	
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